The acute stroke phase is a critical time frame used to evaluate stroke severity, therapeutic 36 options, and prognosis while also serving as a major target for the development of diagnostics. To 37 better understand stroke pathophysiology and to enhance the development of treatments, our group 38 developed a translational pig ischemic stroke model. In this study, the evolution of acute ischemic 39 stroke tissue damage, immune response, and functional deficits were further characterized in the 40 pig model. Stroke was induced by middle cerebral artery occlusion in Landrace pigs. At 24 hours 41 post-stroke, magnetic resonance imaging revealed a decrease in ipsilateral diffusivity and an 42 increase in hemispheric swelling and intracranial hemorrhage resulting in notable midline shift. 43 Stroke negatively impacted white matter integrity leading to decreased fractional anisotropy. 44 Similar to acute clinical patients, stroked pigs showed a reduction in circulating lymphocytes and 45 a surge in neutrophils and band cells. Functional responses corresponded with structural changes 46 with reduced exploration in open field testing and impairments in spatiotemporal gait parameters. 47 This novel, acute ischemia characterization provides important insights into tissue and functional 48 level changes in a pig model that can be used to identify treatment targets and future testing of 49 therapeutics and diagnostics. 50 51 Keywords: brain ischemia, gait analysis, magnetic resonance imaging, porcine, acute stroke 52 53 54 3 3 55
Introduction
Every year, 6.2 million people worldwide die from stroke making it the leading cause of 57 death in individuals over the age of 60 and the fifth leading cause of death in individuals ages 15-58 59 (1, 2) . Of the patients that survive, approximately 5 million are left permanently disabled 59 making stroke a global medical and socioeconomic problem (3). The acute phase of ischemic 60 stroke is a critical time window to determine stroke severity, treatment options, and future 61 prognosis in clinical patients. Specifically, the acute phase is a major target for the development 62 of novel therapeutics and diagnostics as an early reduction in brain tissue loss is directly correlated 63 with improvements in functional outcomes. In addition, all current Food and Drug Administrative 64 approved treatments, tissue plasminogen activator (tPA) and thrombectomy, are only effective 65 during this acute window (4-6). The acute phase of ischemic stroke has also been the focus of 66 diagnostic and prognostic tool development; tools including magnetic resonance imaging (MRI) 67 that can rapidly and accurately identify ischemic stroke and has demonstrated strong predictive 68 value with respect to long-term patient outcomes (7-11). However, the development of therapies 69 and diagnostic tools has been slower than desired particularly with respect to treatments with 70 numerous failed clinical trials (12) (13) (14) (15) . 71 A potential opportunity to hasten the speed at which therapies and diagnostics reach 72 patients is through the use of translational large animal models that are more predictive of human 73 outcomes. Assessments by the Stem Cell Emerging Paradigm in Stroke (STEPS) and the Stroke 74 Therapy Academic Industry Roundtable (STAIR) consortiums identified therapeutic testing in 75 higher-order gyrencephalic species and in translational animal models more reflective of human 76 pathology and physiology as major needs in pre-clinical stroke studies to better predict therapeutic 77 efficacy (6, (16) (17) (18) (19) (20) (21) . To address this unmet need, a pig ischemic stroke model has been recently 4 4 78 developed by our research team with anatomy, physiology, and stroke pathology similar to human 79 patients (22) (23) (24) (25) . The pig brain is similar in mass compared to humans being only 7.5 times smaller, 80 whereas the rodent brain is 650 times smaller in comparison to humans (26). This allots for a more 81 direct assessment of therapeutic dosing in a pre-clinical model. The pig's brain size is also an 82 advantage in developing diagnostic tools as human 3T MRI scanners and coils can be used to 83 develop new MRI sequences and analytical tools. In terms of cytoarchitecture, human and pig 84 brains are gyrencephalic and are composed of >60% white matter (WM), while rodent brains are 85 lissencephalic and are composed of <10% WM, making pig tissue responses potentially more 86 predictive of human outcomes (27) (28) (29) (30) . These attributes are critically important as WM and gray 87 matter (GM) exhibit differing sensitivities to hypoxia (30) . Although the failure of 88 pharmacological translation is multifactorial, the failure to ameliorate ischemic damage to WM is 89 proposed to be a major factor (31) . The similarities between pig and humans in brain size, 90 cytoarchitecture, and WM composition collectively support the use of a pig ischemic stroke model 91 to more accurately predict potential outcomes of human clinical trials. However, more in depth 92 characterization of the acute ischemic stroke timepoint is needed in the pig model to better 93 understand similarities and differences between human and pig acute stroke outcomes. 94 MRI is an excellent tool for use in the pig ischemic stroke model as it allows for 95 bidirectional development of the pig model as well as MRI diagnostic and prognostics. MRI allows 96 for the assessment of stroke evolution in the pig model and evaluation of novel therapeutic 97 efficacy. In addition, new MRI sequences and post-processing tools can be developed in the pig 98 for use in clinical settings. Acute MRI assessment of ischemic stroke patients has become the 99 standard of care in diagnosing and predicting patient clinical outcomes (8, 32) . Clinically, 100 diffusion-weighted imaging (DWI) has been shown to reliably enable early identification of the 5 5 101 lesion size, location, and age with high sensitivity and specificity (7, (33) (34) (35) (36) (37) (38) . Moreover, acute stage 102 DWI lesion volume measures have proven to be highly correlated with chronic lesion size and 103 stroke severity as determined by Modified Rankin Scale (mRS) and National Institutes of Health 104 Stroke Scale (NIHSS), suggesting DWI provides valuable prognostic information (7) (8) (9) (38) (39) (40) . 105 DWI derived apparent diffusion coefficient (ADC) maps have aided in further understanding the 106 time course of acute ischemic brain damage by tracking the diffusion of water in the hypoxic brain 107 parenchyma from extracellular to intracellular compartments (41, 42) . In conjunction with other 108 MR techniques, ADC hypointensities allow clinicians to differentiate between regions at risk for 109 cerebral infarction and irreversibly damaged tissue in order to establish time windows for stroke 110 treatment and to identify patients who are most likely to benefit from acute stroke therapies (7, 40, 111 43, 44) . Disruption of WM structural integrity is also associated with poor early neurological 112 outcomes in stroke patients (45). Diffusion tensor imaging (DTI) studies of human stroke reveal 113 notable alterations in WM fractional anisotropy (FA) that correspond with the temporal evolution 114 of stroke (10, 11) . FA analysis has improved the identification of ischemic lesions at acute and 115 subacute time points and has proved particularly useful in determining time of stroke onset, which 116 is frequently unknown in clinical settings (11). Recently, progressive structural remodeling of 117 contralateral WM tracts related to motor, cognitive, and sensory processing was positively 118 associated with motor function recovery in the acute and sub-acute stages post-stroke as well as 1, 119 4, and 12 weeks post-ischemic onset in patients (46, 47) . Acute MRI analysis in the pig stroke 120 model will allow for the characterization of clinically relevant parameters and to assess for 121 correlations with acute functional changes as observed in human patients. 122 Ischemic stroke leads to a wide array of acute deficits in behavior, cognition, and 123 sensorimotor function in clinical patients thus resulting in poor mRS scale scores (48). Neurological deficits in executive function, episodic memory, visuospatial function, and language 125 manifest within 48 to 72 hours in 33.6% of patients (49) (50) (51) (52) . Occlusions of the middle cerebral 126 artery (MCA) and territorial infarction are regularly linked to acute limb paresis that is sustained 127 long-term (52). Understanding these motor impairments are essential to planning rehabilitation 128 efforts to restore ambulatory activity levels and balance deficiencies in stroke survivors (53, 54) . 129 Specifically, improvements in foot placement, stride length, and walking speed are recognized as 130 powerful indicators of long-term recovery (55-59). Among these neurologic and functional 131 consequences, post-stroke depression (PSD) is the most frequent psychiatric problem occurring in 132 one-third of stroke survivors (60). PSD is strongly associated with further inhibition of recovery 133 processes due to the combination of ischemia-induced neurobiological dysfunctions and 134 psychosocial distress (61, 62) . The pig stroke model offers a unique opportunity to study acute 135 changes in behavior, cognition, and motor function due to anatomical similarities in the size of the 136 prefrontal cortex and cerebellum in addition to somatotopical organization of the motor and 137 somatosensory cortices which are critically important in modeling human motor function effects 138 in the acute ischemic stroke phase (26, (63) (64) (65) . 139 The objective of this study was to utilize clincially relevant assessment modalities to 140 characterize acute ischemic stroke in a pig model that will provide a translational platform to study 141 potential diagnostics and therapeutic interventions. We present evidence pigs display an acute 142 ischemic stroke response similar to human patients including brain lesioning, swelling, loss of 143 WM integrity, and increased white blood cell (WBC) counts. These physiological changes 144 correlated with aberrant behavior and worsened motor function. This compelling evidence 145 suggests the pig stroke model could serve as a valuable tool in bridging the gap between pre-146 clinical rodent studies and human clinical trials. The sample size for this study was determined by a power calculation based on our routine 161 use of the middle cerebral artery occlusion model with lesion volume changes by MRI imaging 162 being the primary endpoint (67). The power analysis was calculated using a two-tailed ANOVA 163 test, α=0.05, and an 80% power of detection effect size of 1.19 and a standard deviation of 44.63. 164 This was a randomized study where 2 pigs were randomly assigned to each surgical day. All The day prior to surgery, pigs were administered antibiotics (Excede; 5 mg/kg 173 intramuscular (IM) and fentanyl for pain management (fentanyl patch; 100 mg/kg/hr transdermal 174 (TD)). Pre-induction analgesia and sedation were achieved using xylazine (2 mg/kg IM) and 175 midazolam (0.2 mg/kg IM). Anesthesia was induced with intravenous (IV) propofol to effect and 176 prophylactic lidocaine (1.0 mL 2% lidocaine) topically to the laryngeal folds to facilitate 177 intubation. Anesthesia was maintained with isoflurane (Abbott Laboratories) in oxygen. 178 As previously described, a curvilinear skin incision extended from the right orbit to an area 179 rostral to the auricle (24). A segment of zygomatic arch was resected while the temporal fascia and 180 muscle were elevated and a craniectomy was performed exposing the local dura mater. The distal 181 middle cerebral artery (MCA) and associated branches were permanently occluded using bipolar 182 cautery forceps resulting in ischemic infarction. The temporalis muscle and epidermis were 183 routinely re-apposed. 184 Anesthesia was discontinued and pigs were returned to their pens upon extubation and 185 monitored every 15 minutes until vitals including temperature, heart rate, and respiratory rate 186 returned to normal, every 4 hours for 24 hours, and twice a day thereafter until post-transplantation 187 sutures were removed. Banamine (2.2 mg/kg IM) was administered for post-operative pain, acute 188 inflammation, and fever management every 12 hours for the first 24 hours, and every 24 hours for 189 3 days post-stroke. was applied in a forward direction in order to create a smear. Care was taken to ensure each blood 222 smear covered two-thirds of the slide and exhibited an oval feathered end. Each slide was air dried 223 for 10 minutes, fixed with methanol for 2 minutes, air dried for 2 minutes, and then stained in 224 Wright-Giemsa stain for 5 minutes. The stained slide was submerged in distilled water (dH 2 O) for 225 10 minutes. Finally, the slide was rinsed, air dried, and then a cover slip was applied using active area that is 6.10 m in length and 0.61 m in width. In this arrangement, the active area is a 235 grid, 48 sensors wide by 480 sensors long, totaling 23,040 sensors. 2 weeks pre-stroke, pigs were 11 11 236 trained to travel across a gait mat at a consistent, 2-beat pace. To reinforce consistency, rewards 237 were given at each end of the mat for successful runs. Pre-stroke gait data was collected on 3 238 separate days for each pig. At each time point, pigs were encouraged to move along the mat until 239 5 consistent trials were collected in which the pigs were not distracted and maintained a 240 consistent pace with no more than 15 total trials collected. 241 Gait data was semi-automatically analyzed using GAITFour  Software to provide 242 quantitative measurements of velocity (cm/sec) and cadence (steps/min). Additional 243 measurements were quantified specifically for the affected front left limb, which is contralateral 244 to the induced stroke lesion on the right side of the brain. These measurements included stride 
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MCAO induces acute ischemic infarction and decreased diffusivity. 269 To confirm ischemic stroke 24 hours post-MCAO, MRI DWI ( Fig 1A) and T2FLAIR (Fig 2A-B) . Acute ICH was observed via T2* sequences with a 284 consistent mean hemorrhage volume of 1.73±0.07 cm 3 (Fig 2D-E, white Ischemic stroke increases circulating neutrophil levels and decreases 294 circulating lymphocyte levels. 295 To determine changes in immune cell response to acute ischemic stroke, venous blood 296 samples were collected pre-stroke, 4, 12, and 24 hours post-stroke. Band neutrophils (Fig 4A-B) , 297 neutrophils ( Fig 4C-D) , and lymphocytes ( Fig 4E-F) were assessed via manual cell counts. Band 298 neutrophils significantly (p<0.05) increased 12 hours post-stroke compared to pre-stroke 299 (5.50±0.99% vs. 1.92±0.51% respectively; Fig 4B) . Similarly, the number of circulating 300 neutrophils was significantly (p<0.05) increased at 4 and 12 hours post-stroke when compared to 301 pre-stroke (43.7±5.27% and 48.9±3.92% vs. 26.5±1.96%, respectively; Fig 4D) . The number of 302 circulating lymphocytes was significantly (p<0.05) decreased at 12 and 24 hours post-stroke 14 14 303 compared to pre-stroke (25.60±4.01% and 26.60±4.29% vs. 44.83±3.66% respectively; Fig 4F) . 304 These results demonstrated stroke resulted in an increase in circulating band neutrophils and utilizing Ethovision XT tracking software to assess differences in perimeter sniffing pre-and 312 post-stroke ( Fig 5A-B) ; representative 10 minute movement tracings show perimeter sniffing 313 (red) and non-perimeter sniffing (yellow). Pigs' perimeter sniffing frequency significantly 314 (p<0.05) decreased 48 hours post-stroke compared to pre-stroke (132.94 vs 264.02 times, 315 respectively, Fig 5C) . However, no significant differences were noted for velocity and distance 316 traveled in the OF test between pre-and 48 hours post-stroke. These results suggest that stroke 317 impairs normal exploratory behaviors.
318
Ischemic stroke results in spatiotemporal gait deficits. 319 Key spatiotemporal gait parameters were analyzed pre-stroke and 48 hours post-stroke to 320 detect potential impairments in motor function as an outcome of stroke. Significant (p<0.01) 321 decreases were noted in the average velocity and cadence at 48 hours post-stroke compared to 322 pre-stroke indicating the speed of the pigs decreased as a result of stroke (61.018.39 vs 323 162.912.73 cm/s and 61.015.91 vs 126.443.72 steps/min, respectively, Fig 6A-B) . Further 324 changes were noted in measurements of the contralateral left forelimb (LF). The limb 15 15 325 contralateral to the stroke lesion typically has more pronounced motor deficits relative to the 326 ipsilateral limb in humans, mice, and rats (68, 69). The swing percent of cycle significantly 327 (p<0.01) decreased demonstrating pigs spent more time with the LF in contact with the ground at 328 48 hours post-stroke compared to pre-stroke suggesting an increased need for support 329 (30.702.12 vs 48.892.35%, respectively, Fig 6C) . A significant (p<0.01) decrease in stride 330 length of the LF was observed at 48 hours post-stroke compared to pre-stroke (59.043.85cm vs 331 76.724.60cm, respectively, Fig 6D) . Cycle time of the LF significantly (p<0.01) increased 332 signifying a slower gait at 48 hours post-stroke compared to pre-stroke (1.02.09 vs 333 0.480.013sec, respectively, Fig 6E) . Finally, the mean pressure exhibited by the LF 334 significantly (p<0.01) decreased at 48 hours post-stroke compared to pre-stroke (2.62.03 vs 335 2.82.03 arbitrary units (AU), respectively, Fig 6F) . Deficits in the measured gait parameters 336 indicate stroke lead to substantial motor impairments at acute time points in pigs.
337
Discussion
338
In this study, we observed and characterized acute stroke injury severity, prognostic 339 biomarkers, and potential therapeutic targets utilizing clinically relevant MRI, immune, behavior, poorly understood due to variability in the onset, size, and location of ICH in current stroke animal 400 models (119). Often resulting from hemorrhagic transformation (HT) in ischemic stroke patients, 401 spontaneous ICH incidence ranges from 38-71% in autopsy studies and from 13-43% in CT studies 402 (120, 121) . Furthermore, when ICH occupies >30% of the infarct zone, it has been correlated with 403 early neurological deterioration and a significant increase in mortality rates 90 days post-ischemic 404 stroke (122, 123). T2* sequences showed consistent mean hemorrhage volume between stroke 405 pigs, indicating MCAO caused loss of macro-and microvessel integrity. The classical clinical 406 presentations of ICH were replicated in our model through the progression of neurological deficits 407 within hours post-stroke including decreased consciousness, head-pressing, vomiting, facial 408 paralysis, and limb weakness (120, 124, 125) . Interestingly, these neurological deficits correlated 409 with the location of ICH. For example, ICH in the cerebellum was associated with ataxia whereas 410 ICH in basal ganglia structures were associated with limb weakness. In previous studies, early 411 neurologic deterioration was attributed primarily to cerebral edema and lesion volume; however, (77). These manifestations support 432 our previous studies evaluating functional deficits post-stroke, thus providing further evidence 433 quantitative gait analysis is a critical tool for the evaluation of stroke severity and therapeutic 434 impact on recovery (25, 137) . 435 Immune and inflammatory responses have been shown to play a key role in the sequela of 436 ischemic stroke (138). Within the first few hours after stroke, neutrophils are recruited to the site 437 of injury and release cytokines, chemokines, free oxygen radicals, and other inflammatory 438 mediators (139). In this study, we observed a significant increase in neutrophils at 4 and 12 hours 20 20 439 post-stroke. Neutrophil release of inflammatory mediators has been directly associated with cell 440 damage or death as well as damage to the vasculature and extracellular matrices (139). Neutrophils 441 have been implicated to play a significant role in blood brain barrier disruption and HT following 442 ischemic stroke, which may explain one potential mechanism for HT observed 24 hours post-443 stroke in this study (79) . Conversely, acute ischemic stroke has been shown to induce a rapid and 444 long-lasting suppression of circulating immune cells such as lymphocytes that can lead to 445 increased susceptibility of systemic infections after stroke (140) . In this study, we observed a 446 significant decrease in lymphocytes at 12 and 24 hours post-stroke, consistent with reports that 447 stroke in humans induces immediate loss of lymphocytes that is most pronounced at 12 hours post-448 stroke (141). Though the exact mechanisms by which lymphocytes mediate immunosuppression 449 post-stroke remain unclear, clinical evidence supports that lower levels of lymphocytes are a sign 450 of poor long-term functional outcome (142) (143) (144) . The neutrophil-to-lymphocyte ratio (NLR) was 451 determined to be a useful marker to predict neurological deterioration and short-term mortality in 452 patients with acute ischemic stroke (145, 146) . Elevated NLRs have been reported to be associated 453 with chronic inflammation, poor functional prognosis, and larger lesion volumes in ischemic 454 stroke patients (78, 139, (146) (147) (148) . These results suggest that neutrophil recruitment in our pig 455 model may play a significant role in inflammatory-mediated secondary injury processes that 456 contribute to the development of functional impairments. Furthermore, similar to human stroke 457 patients, neutrophil and lymphocyte levels in our pig model may also serve as ideal markers for 458 stroke severity and outcome prediction. 459 Open field testing is regularly used to evaluate behavior in rodents after ischemic stroke 460 (149), specifically as an indicator of changes in exploratory behaviors (150, 151) . In this study, a 461 significant decrease was noted in perimeter sniffing frequency post-stroke in open field testing. Pigs are inherently exploratory animals and perimeter sniffing is a typical exploratory behavior 463 (152). This change in behavior may be attributed to post-stroke depression (PSD) as this behavioral 464 disturbance has been reported to commonly develop in humans in the acute post-stroke period 465 (153, 154) . In accordance with the behavioral changes noted in the present study, PSD in humans 466 is characterized by general apathy and lack of interest (155, 156) . Evaluation and understanding 467 of behavioral changes in a translational, large animal stroke model is crucial for future studies to 468 assess functional outcomes of potential therapies. 469 In this study, we have demonstrated our pig model of ischemic stroke positively replicates 470 cellular, tissue, and functional outcomes at acute time points similar to human stroke patients. 471 MCAO in our pig ischemic stroke model exhibited a multifactorial effect leading to cytotoxic 472 edema, lesioning, hemispheric swelling, and ICH, while also impairing diffusivity and WM 473 integrity. These structural changes correlated with behavioral and motor function deficits in a 474 similar manner to acute human stroke patients. As an effective model of acute ischemic stroke 475 pathophysiology, the pig system is potentially an excellent tool for identifying potential treatment 476 targets and testing novel therapeutics and diagnostics. 487 We have no declarations of interest to report. 
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